Abstract Elevated plasma levels of homocysteine (Hcy) are associated with the development of coronary artery disease (CAD), peripheral vascular disease, and atherosclerosis. Hyperhomocysteinemia is likely related to the enhanced production of pro-inflammatory cytokines including IL-1β. However, the mechanisms underlying the effects of Hcy in immune cells are not completely understood. Recent studies have established a link between macrophage accumulation, cytokine IL-1β, and the advance of vascular diseases. The purpose of the present study is to investigate the effects of Hcy on IL-1β secretion by murine macrophages. Hcy (100 μM) increases IL-1β synthesis via enhancement of P2X7 expression and NF-ĸB and ERK activation in murine macrophages. In addition, the antioxidant agent Nacetylcysteine (NAC) reduces NF-κB activation, ERK phosphorylation, and IL-1β production in Hcy-exposed macrophages, indicating the importance of ROS in this proinflammatory process. In summary, our results show that Hcy may be involved in the synthesis and secretion of IL-1β via NF-ĸB, ERK, and P2X7 stimulation in murine macrophages.
Introduction
Pathological serum levels of homocysteine (Hcy) are associated to cerebral and peripheral vascular disease, thrombosis, and atherosclerosis development [1] [2] [3] [4] . High plasma levels of Hcy are likely related to the enhanced production of pro-inflammatory cytokines, including IL-1β [5] [6] [7] . However, the mechanisms underlying the effects of Hcy on immune cells are not completely understood. Moreover, an increase in the oxidative stress production of vascular cells and macrophages exposed to Hcy has been attributed to inflammatory substances release [8] [9] [10] .
Macrophages are key cells in the inflammatory process and the most important source of IL-1β among immune cells. These cells are characterized by a marked heterogeneity in activation, depending on the microenvironmental stimulation [11] [12] [13] [14] [15] . In the last few years, studies have established a connection between IL-1β and the advance of chronic diseases [16] [17] [18] . Furthermore, clinical trials using therapeutic strategies against IL-1β have demonstrated a decrease in cardiovascular disease progression [19, 18] .
The significant proteolytic process regulates the release of mature IL-1β and is dependent on the P2X7 receptor, an ionotropic purinergic receptor and is expressed in several types of immune cells. It is well established that extracellular ATP, acting via P2X7, induces proteolytic maturation of IL-1β by means of NLRP3/caspase 1 complex activation [20] [21] [22] [23] . However, IL-1β production does involve another step: the synthesis of pro-IL-1β beyond the proteolytic cleavage of pro-IL-1β by NLRP3/caspase 1 to form the mature cytokine [24] . In this context, the NF-κB pathway is a central element involved in IL-1β synthesis [25] . Previous data has shown that acute hyperhomocysteinemia increases NF-κB/ p65 subunit expression in rat hippocampi, as well as the serum levels of TNF-α, IL-1β, IL-6, and CCL2 (MCP-1) [26, 5] . Furthermore, ERK activation in murine macrophages has been associated with the pathological effects of Hcy, such as an increase in metalloproteinase 9 production [27] .
Therefore, the aim of the present study was to investigate the different effects of physiological and pathological concentrations of Hcy on IL-1β secretion by murine macrophages. The results show an increase in IL-1β release from macrophages exposed to 100 μM of Hcy and enhanced IL-1β synthesis via ERK, NF-ĸB, and P2X7.
Materials and methods

Animals
Male C57BL/6 WT and C57BL/6 P2X7 −/− (6-8 weeks, 25-30 g) were used in our study. C57/BL6 mice were obtained from Universidade Federal de Pelotas (Pelotas, RS, Brazil) and P2X7 −/− mice were a kind gift from Dr. Robson
Coutinho-Silva, Federal University of Rio de Janeiro (UFRJ, Rio de Janeiro, Brazil). P2X7 knockout mice (originally from the Jackson Laboratory, USA) were generated using the method developed by Dr. James Mobley (PGRD, Pfizer Inc., Groton, CT, USA). P2X7 receptor-deficient mice used in our study are on a C57BL/6 inbred background. The animals were maintained under a standard 12-h lightdark cycle (lights on at 7:00 a.m.) at a room temperature of 22 ±2°C. Mice had free access to standard laboratory rodent chow and tap water. The animal handling and experiments were performed in accordance with international guidelines in compliance with the Federation of Brazilian Societies for Experimental Biology and were approved by the local Animal Ethics Committee (protocol number: 10/00206).
Macrophage preparation and Hcy treatment
Peritoneal macrophages were collected by lavage of the peritoneal cavity, as described by Zanin et al. [28] . Macrophages were evaluated under a microscope after May-Grunwald and Giemsa staining, indicating macrophage purity higher than 80 %, which was confirmed by CD11b Ab staining.
To test the effects of Hcy, macrophages were treated 30 min after attachment to the plates with 10, 50, and 100 μM of L,Dhomocysteine (Sigma Chemical Co., St. Louis, MO, USA -LPS free) for 24 h in replaced complete medium (RPMI 10 % fetal bovine serum, FBS). The concentration of 10 μM is considered physiological whereas 50 and 100 μM correspond to 25 and 50 μM of L-homocysteine, respectively, and these concentrations are considered to be hyperhomocysteinemic [10] .
TLR4
−/− Macrophages Macrophages were derived from the bone marrow of C57BL/ 6 WT mice and C57BL/6 TLR4 −/− according to Lopes et al. [29] . The macrophages were then exposed as described in BMacrophage preparation and Hcy treatment.^The bone marrow mice were kindly donated by Dr. Cristina Beatriz Bonorino, Pontifícia Universidade Católica of Rio Grande do Sul (PUC-RS, Rio Grande do Sul, Brazil).
Measurement of IL-1β
IL-1β was measured in the supernatant and in the macrophage lysates. For this purpose, peritoneal macrophages were primed for 24 h with 10, 50, or 100 μM Hcy. After washing with PBS, the macrophages were stimulated with 2 mM of ATP for 30 min to induce the release of pro-IL-1β cytokines. In some experiments, ammonium pyrrolidinedithiocarbamate (PDTC, NF-κB inhibitor), PD98059 (ERK inhibitor), N-1330 (capase1 inhibitor), N-acetylcysteine (NAC, ROS inhibitor), and KN62 and A438079 (P2X7 antagonists) were added to macrophages media (30 min or 2 h prior as described in the figure legends) before the addition of ATP or Hcy. The IL-1β secreted from macrophages was quantified by ELISA following the manufacturer's protocol (DuoSet Kit; R&D Systems, Minneapolis, MN, USA). The results were normalized by protein.
IL-1β from lysate macrophages was measure after exposing the cells to 100 μM Hcy for 24 h. After the treatment, macrophages were washed with PBS (1×) and the total protein extracted by freezing/thawing (2×) with a lysis buffer (10 mM Tris- , and 10 % glycerol). Protein concentrations were estimated using the Qubit (Invitrogen) equipment. This process was used to ensure that the same quantities of protein were analyzed. IL-1β was quantified by ELISA following the manufacturer's protocol (DuoSet Kit; R&D Systems, Minneapolis, MN, USA).
Western blotting
For extract preparation, cells (5×10 , and the supernatants containing the cytoplasmic extracts were stored at −80°C. The nuclear pellet was suspended in 100-μL ice-cold hypertonic extraction buffer [10 mmol/L HEPES (pH 7.9), 0.42 M NaCl, 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L phenylmethylsulfonyl fluoride] and centrifuged at 13,000 rpm for 1 h at 4°C and supernatants containing nuclear proteins utilized. Protein concentration was estimated using the Qubit (Invitrogen) equipment. Proteins (10 μg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on a 10 % (wt/vol) acrylamide and 0.275 % (wt/vol) bisacrylamide gels and electro-transferred onto nitrocellulose membranes. Membranes were incubated in TBS-T [20 mmol/L Tris-HCl, pH 7.5, 137 mmol/L NaCl, 0.05 % (vol/vol) Tween 20] containing 1 % (wt/vol) non-fat milk powder for 1 h at room temperature. Subsequently, the membranes were incubated for 2 h with the appropriate primary antibody, rinsed with TBS-T, and exposed to horseradish peroxidase-linked anti-IgG antibodies (Invitrogen) for 2 h at room temperature. Chemiluminescent bands were detected using X-ray films, and densitometry analyses were performed using Image-J software. Anti-lamin B (1:500) and anti-p65 NFκB (1:500) antibodies were purchased from Santa Cruz Biotechnologies and Millipore, respectively.
Flow cytometry
We evaluated the expression of P2X7 by flow cytometry using a rabbit polyclonal anti-mouse P2X7 (APR-004; Alomone Labs, Jerusalem, Israel) and anti-CD11b PE antibodies (BD Pharmingen). Briefly, before staining, the macrophage Fc receptors were blocked by incubating with Fc receptor blocking solution (Fc block: CD16/32, clone 2.4G2 from ATCC -HB-197) for 30 min on ice. The cells were then incubated for 30 min with the above primary antibodies diluted in PBS, 1 % FBS, and 0.1 % sodium azide (PFA) and, when necessary, with secondary Alexa 488-conjugated goat anti-rabbit IgG Ab (Invitrogen) for 30 min, with a minimum of two washes with PFA after each incubation. Cell surface fluorescence was measured using a FACSCalibur Flow Cytometer (BD Biosciences).
A separate set of experiments was performed to determine the activation status of phospho-ERK using the BD phosflow
Statistical analysis
Data are expressed as the mean±SD and subjected to one-way or two-way analysis of variance (ANOVA) followed by a Tukey's post hoc test (for multiple comparisons) or an unpaired Student's t test. Differences between mean values are considered significant when P<0.05. Fig. 2 Hcy increases IL-1β production via NF-ĸB activation. a NF-ĸB nuclear protein assessed by Western blot from total cell extracts of macrophages treated for 24 h as described in "Materials and Methods." The values represent means±SD and data are representative of three independent experiments performed in triplicate. b IL-1β production by macrophages treated with Hcy for 24 h in the presence or absence of PDTC (an NF-ĸB inhibitor, 30 μM) 30 min before Hcy stimulation. The macrophages were then stimulated with 2 mM ATP for 30 min, and finally after 60 min, the macrophage supernatants and lysates were prepared as described in the "Materials and Methods," and IL-1β concentration analyzed by ELISA. **p<0.01 indicates a significant difference in relation to the respective controls from the macrophages lysate. ***p<0.001 indicates a significant difference in relation to the respective controls from macrophage supernatants. 
Results
P2X7 is involved in IL-1β release by macrophages exposed to Hcy
First, we examined the effects of Hcy on IL-1β secretion by macrophages. We observed that macrophages exposed to Hcy display a significant increase in IL-1β release only when given at pathological concentrations (50 and 100 μM) after treatment with 2 mM ATP (Fig. 1a) . It is important to note that there is no difference between the two pathological Hcy concentrations tested. We then chose the pathological concentration of 100 μM Hcy for all other experiments.
It is well known that P2X7 is a key receptor associated with the release of IL-1β from macrophages [20, 21, 23] . We therefore investigated whether P2X7 expression and functionality are altered in macrophages treated with a pathological concentration of Hcy (100 μM). Figure 1b shows that P2X7 protein expression increases in macrophages exposed to Hcy in relation to control. In addition, we found that P2X7 activation is involved in the secretion of mature IL-1β. P2X7 antagonists (KN-62 and A438079) and an ATP scavenger (Apyrase) prevent IL-1β secretion stimulated by ATP (Fig. 1c) . Furthermore, N-1330, a caspase1 inhibitor, also prevents IL-1β secretion by macrophages treated with 100 μM of Hcy and stimulated with ATP. Additionally, macrophages obtained from P2X7 −/− mice and treated with Hcy (100 μM) following ATP stimulation do not induce IL-1β secretion when compared to WT animals (Fig. 1d) . It is interesting to note that IL-1β from P2X7 −/− macrophage lysates is increased in a similar manner as the WT after HCY (100 μM) incubation for 24 h (data not shown), suggesting that intracellular Hcy signaling is not been impaired.
Hcy increases IL-1β production via ERK/NF-κB
The results presented in Fig. 1a show that Hcy (50 and 100 μM) alone is unable to induce Il-1β secretion when compared to controls or to the group that received only ATP stimulation. However, Hcy-exposed cells stimulated with 2 mM ATP have a significant increase in IL-1β secretion. We then Fig. 3 Hcy increases IL-1β production via ERK/NF-ĸB by murine macrophages. a Macrophages were pre-treated for 2 h with PD98059 (an ERK inhibitor, 25 μM) stimulated with 100 μM Hcy for 30 min and stained for phosphorylated ERK. Data are representative of two independent experiments performed in triplicate for each sample and expressed as the mean ± SD. ***p < 0.001 indicates a significant difference between the group treated with Hcy in relation to untreated controls as found by an unpaired Student's t test. b IL-1β production by macrophages treated with Hcy for 24 h in the presence or absence of PD98059 (an ERK inhibitor, 25 μM) 120 min before Hcy stimulation. The macrophages were then stimulated with 2 mM ATP for 30 min, and finally after 60 min, the macrophage supernatants and lysates were prepared and IL-1β concentrations analyzed by ELISA as described in the "Materials and Methods." The values represent means±SD, and data are representative of three experiments performed in triplicate. **p<0.01 indicates a significant difference in relation to the control macrophage lysates. ***p<0.001 indicates a significant difference in relation to the control macrophage supernatants. #, ## p<0.05 indicates a significant difference between the indicated groups. Asterisk indicates a significant difference between the p<0.05 groups. Data were analyzed by a two-way ANOVA with a Tukey's post hoc test. c IL-1β production from macrophages derived from the bone marrow of wild-type (WT) and TLR4 − mice treated with Hcy for 24 h and stimulated with 2 mM ATP for 30 min, and finally after 60 min, the macrophage supernatants were analyzed by ELISA as described in "Materials and Methods." Data are representative of two independent experiments performed in triplicate for each sample decided to investigate which mechanisms could be contributing to IL-1β secretion by macrophages exposed to 100 μM of Hcy.
NF-κB is a central transcription factor that regulates the expression of multiple inflammatory genes including IL-1β [25] . The results presented in Fig. 2a show that Hcy (100 μM) treatment increases the nuclear NF-κB immune content. Furthermore, ammonium pyrrolidinedithiocarbamate PDTC, a potent NF-ĸB inhibitor, significantly decreases IL-1β secretion stimulated by ATP (Fig. 2b) . Of note, our results reveal an increase in the intracellular IL-1β production in macrophage lysates treated only with Hcy (100 μM) in relation to the control and the NF-κB inhibitor treated groups. These results indicate that Hcy (100 μM) exposure induces IL-1β synthesis (increasing pro-IL-1β), which is dependent on NF-ĸB activation.
To determine whether ERK is involved in IL-1β synthesis induced by Hcy, we assessed ERK phosphorylation in our samples. We observed that 100 μM Hcy increases ERK phosphorylation in macrophages (Fig. 3a) . It is noteworthy that ERK inhibition by PD98059 does not completely reduce IL-1β secretion from macrophages exposed to Hcy (100 μM) and stimulated with ATP (Fig. 3b) , suggesting that ERK activation is only partially necessary to induce IL-1β secretion.
However, the ERK inhibitor PD98059 (Fig. 3b) reduces intracellular IL-1β levels after Hcy (100 μM) treatment alone. It is important to note that the pathways used by NF-κB and ERK to produce IL-1β are independent of TLR4 activation as shown in Fig. 3c .
Taken together, these results show that macrophages exposure to 100 μM of Hcy increases IL-1β synthesis through NF-κB and ERK activation. Moreover, IL-1β secretion induced by Hcy (100 μM) and ATP is partially dependent upon ERK activation.
Antioxidant pre-treatment reduces Hcy-induced ERK/NF-κB activation and IL-1β production Next, we evaluated whether the Hcy effects we observed are related to ROS generation. NF-κB and ERK activation decreases in macrophages after N-acetylcysteine (NAC) pretreatment, indicating the involvement of ROS in the effects of Hcy (100 μM) treatment (Fig. 4a, b) . Figure 4c shows that pre-treatment with NAC decreases IL-1β synthesis (macrophage lysates) and release (macrophage supernatants) stimulated with Hcy (100 μM). Fig. 4 NAC inhibits IL-1β production via ERK/NF-ĸB in murine macrophages. a Macrophages were pre-treated 30 min in the presence or absence of NAC (10 mM) and stimulated with 100 μM Hcy for 24 h. Nuclear NF-ĸB protein was assessed by Western blot in nuclear cell extracts as described in "Materials and Methods. The experiments were repeated at least three times. ***p<0.01 indicates a significant difference between the NAC treated group and the controls. Data were analyzed by a two-way ANOVA with a Tukey's post hoc test. b Macrophages were pretreated for 30 min in the presence or absence of NAC (10 mM) and stimulated with 100 μM Hcy for 30 min and immunostained for phosphorylated protein ERK. Phosphorylation of ERK is presented as MFI (shown in histograms). ***p < 0.01 indicates a significant difference between the group treated with NAC and the untreated controls as found from an unpaired Student's t test. c IL-1β production from macrophages pre-treated with or without NAC (10 mM) and then treated with Hcy for 24 h and stimulated with 2 mM ATP for 30 min. After 60 min, the macrophage supernatants and lysates were prepared as described in the "Materials and Methods" and analyzed for IL-1β concentration by ELISA. The values represent means±SD, and data are representative of three independent experiments performed in triplicate. ## p<0.01 indicates a significant difference between the indicated groups. Data were analyzed by a two-way ANOVA with a Tukey's post hoc test
Discussion
Increased circulating levels of Hcy are considered a risk factor for cardiovascular disease. Atherosclerosis is a chronic inflammation characterized by lipoprotein accumulation and monocyte recruitment and differentiation into macrophages. In the present study, we report an increase in IL-1β production in macrophages treated with a pathological Hcy concentration [5, 7, 12] . Although this effect is observed in macrophages in culture, it is suggestive that this pro-inflammatory process may contribute to the development of chronic inflammation such as atherosclerosis.
IL-1β is a classic pro-inflammatory cytokine that is essential for host-defense response to infection and injury. Monocytes and macrophages are pivotal cells that secrete IL-1β during pathological conditions. The process of IL-1β secretion is regulated by transcriptional and posttranscriptional controls [24, 25] . In this study, we demonstrate that the treatment of macrophages with Hcy at pathological concentrations (50 and 100 μM) induces IL-1β production, but not IL-1β secretion. In other words, the IL-1β secretion in response to Hcy exposure requires second stimuli such as ATP (Fig. 1) .
Studies have shown that NLRP3 expression is a limiting factor for NLRP3/caspase 1 complex activation, suggesting this as an important step to the secretion of mature IL-1β. P2X7 stimulation by ATP is a well-known route for NLRP3/caspase 1 complex activation [24, 20, 21] . Accordingly, our results show an increase in P2X7 expression by macrophages in response to Hcy exposure, suggesting an important role for this receptor in this process (Fig. 2a) . Moreover, the results obtained from the pharmacological inhibition or gene deletion of P2X7 confirm the involvement of this receptor in IL-1β secretion under our experimental conditions (Fig. 2b, c) . Additionally, Gicquel et al. [30] have shown a connection between P2X7 and the NLRP3 inflammasome pathway in the release of IL-1β from ATP-stimulated human macrophages.
We also found that both the ERK and NF-κB signaling pathways are important for IL-1β synthesis in macrophages exposed to Hcy. Bauernfeind et al. [25] have also shown that NF-κB is a key element for regulating NLRP3 expression and consequent ATP-NLRP3/caspase 1 activation, resulting in secretion of mature IL-1β. Therefore, transcriptional (NF-κB and ERK activation and an increase in P2X7 expression) and a posttranscriptional signals (P2X7 stimulation) are related to IL-1β release from macrophages in response to Hcy exposure.
Other studies have shown that the injury associated with Hcy could be due to the increased rates of oxidative stress [31] [32] [33] 8] . In mammalian cells, redox status is related to cell signaling, which triggers the activation of protein kinase pathways and results in gene expression control, proliferation, and modulation of immune cell functions [34, 35] . Our results show that NAC, a free radical scavenger, decreases IL-1β secretion in macrophages exposed to Hcy, suggesting an imbalance redox during this process. In addition, activation of NF-κB is known to be regulated by ROS [36] [37] [38] . We found that NAC treatment reverses NF-κB activation to control levels in response to Hcy, but only partially decreases ERK activation. In agreement with our findings, other studies have shown an increase in NF-κB activation and ERK following Hcy exposure [26, 27] . Hence, the redox disequilibrium may be a mechanism whereby Hcy induces NF-κB and ERK activation and, consequently, IL-1β production in macrophages.
In conclusion, we show that the mechanisms involved in IL-1β production by macrophages exposed to Hcy are dependent upon NF-ĸB and ERK activation through a P2X7 trigger. This mechanism may not be the only one involved in IL-1β release during Hcy exposure, but it is also important to note that these may represent potential therapeutic alternatives for new pharmacological treatments for diseases associated with Hcy.
